Phylogenetic analysis of mitochondrial DNA sequence data using maximum parsimony, minimum evolution (of logdeterminant distances), and maximum-likelihood optimality criteria provided a robust estimate of Draco phylogenetic relationships. Although the analyses based on alternative optimality criteria were not entirely congruent, nonparametric bootstrap analyses identified many well-supported clades that were common to the analyses under the three altrenative criteria. Relationships within the major clades are generally well resolved and strongly supported, although this is not the case for the Philippine volans subclade. The hypothesis that a clade composed primarily of Philippine species represents a rapid radiation could not be rejected. A revised taxonomy for Draco is provided.
INTRODUCTION
cluding such topics as the evolution of gliding perThe flying lizards (genus Draco) of Southeast Asia are formance, the evolution of display structures and well-known for their ability to glide large distances, behaviour, the evolution of niche partitioning and comusing wing-like patagial membranes supported by munity assembly, and the evolution of sexual size elongate thoracic ribs to generate lift forces (Herre, dimorphism and dichromatism (McGuire, 1998). Such 1958; Klingel, 1965; Colbert, 1967) . Nevertheless, it is studies will be undertaken most fruitfully in the congenerally unappreciated that these lizards represent text of a robust estimate of phylogenetic relationships. a remarkable radiation composed of 40 or more species,
The goal of the present study is to provide a comwith at least six, and possibly as many as eight, species prehensive species-level phylogenetic estimate for found in sympatry on the Sunda Shelf (Inger, 1983;  Draco that will serve as a framework for future com- Musters, 1983; McGuire, pers. observ.) . Consequently, parative investigations. flying lizards have much potential as a model system
In order to generate a meaningful species-level phylogenetic estimate for any taxon, it is necessary to have a reasonable understanding of the species diversity within that group. Although the alpha taxonomy of Draco has received several recent revisions 1992; McGuire & Alcala, 2000) , there remain several distribution maps, as well as data indicating diinstances in which we disagree with the present taxagnosability and allopatry. Where necessary, adonomy. Therefore, several taxonomic modifications are ditional character data are presented herein as proposed herein, although a number of additional taxoevidence of diagnosability. All character state difnomic changes that are beyond the scope of this paper ferences listed below were verified by the senior author (McGuire, unpublished data) are also discussed.
in alcohol-preserved and osteological specimens (see Appendix 2 for specimens examined). Inger (1983) considered Draco indochinensis to be a synonym of D. blanfordii, whereas Musters (1983) MATERIAL AND METHODS recognized it as a subspecies of D. blanfordii. We treat TAXONOMIC SAMPLING D. indochinensis as a distinct species because it is both Mitochondrial DNA sequence data were obtained for allopatrically distributed and clearly diagnosable from 53 Draco species and/or populations and four outgroup D. blanfordii. The most compelling character state taxa (Appendix 1). Taxonomic representation includes differences are associated with the dewlap of males. all currently recognized species of Draco except D.
The dewlap of D. indochinensis is widest at its base, dussumieri, D. jareckii, and the questionable species decreases in width over its entire length, and ter-D. affinis. We also lack sequence data for a currently minates in a sharp point. In contrast, the dewlap recognized subspecies (D. lineatus modiglianii ) that of D. blanfordii is distally expanded with a basal we here elevate to species status. As alluded to above, constriction, and terminates in a rounded distal edge. the Draco taxonomy followed here differs in many
The latter type of dewlap is characteristic not only of respects from the taxonomies presented in the most D. blanfordii, but also of D. formosus, D. obscurus, and recent systematic treatments of the entire genus (In-D. taeniopterus and suggests that D. blanfordii and D. ger, 1983; Musters, 1983) . Much of this disagreement indochinensis may not even be sister taxa, let alone is associated with Philippine taxa; therefore, the taxconspecifics. Draco indochinensis also differs from D. onomy provided for the Philippine assemblage by blanfordii in the presence (in both sexes) of a thick, McGuire & Alcala (2000) will be followed here. Howblack transverse band that extends across the posterior ever, there remain several additional cases of taxogular region from one throat lappet to the other, and nomic disagreement, including our recognition of the in the presence of dark radial bands on the dorsal following species : D. boschmai, D. indochinensis, D. surfaces of the patagia in both sexes rather than in formosus, D. beccarii, D. bourouniensis, D. modiglianii, females only. D. rhytisma, D. spilonotus, D. sumatranus, and D. Inger (1983) considered Draco formosus to be a syntimoriensis. Several undescribed species are also disonym of D. obscurus, and Musters (1983) (de Queiroz, 1998 (de Queiroz, , 1999 and represent a logical males lack the dark radial bands on the dorsal paextension of the lineage-based taxonomy recently retagium that are present in D. formosus males, and commended for the Philippine Draco assemblage by have a peach-coloured eye ring that is lacking in D. McGuire and Alcala (2000) . Although we are not opformosus). We have not examined specimens of D. posed to the recognition of nondiagnosable lineages as obscurus from Sumatra, and our recognition of Sudistinct species (in the true spirit of lineage-based matran populations as D. obscurus follows Musters species concepts), the taxonomic recommendations (1983) . that we propose below should not be controversial.
Draco beccarii, D. bourouniensis, and D. spilonotus In this section, we elevate to species status several were considered to be synonyms of D. lineatus by Inger diagnosable and allopatrically distributed taxa that (1983) , whereas Musters (1983) recognized each as were either described as species and later reduced to subspecies of D. lineatus. Musters (1983) also described subspecies or originally described as subspecies. For an additional subspecies, D. l. rhytisma. We recognize each taxon that we elevate, Musters (1983) published morphological descriptions, synonymies, and detailed each (including D. l. rhytisma) as full species on the D. caerulhians (Lazell, 1987 D. caerulhians (Lazell, , 1992 . are clearly diagnosable on the basis of external morphology (see Musters, 1983 Musters, 1983) .
(1983), whereas each was recognized as a subspecies of D. volans by Musters (1983 indicators that might suggest that ones sequences are fusca, and B. cristatella. Aphaniotis fusca and B. cristparalogous (Zhang & Hewitt, 1996) : (1) multiple bands atella also were suggested to be closely related to Draco appear persistently during PCR amplification, (2) inin the unpublished dissertation of Moody (1980) . dels have occurred resulting in frameshifts or stop codons, (3) nucleotide base frequencies differ substantially from those of other putatively authentic DNA SEQUENCING mitochondrial sequences, or (4) the nucleotide se-DNA was obtained using phenol/chloroform (Maniatis, quences themselves, or the phylogenetic estimate deFrisch & Sambrook, 1982) or Chelex (Walsh, Metzger rived from the sequences, differ dramatically from prior & Higuchi, 1991) extraction. Amplification of the entire expectations. With respect to the first three criteria, all ND2 protein coding gene, together with portions of of the sequences presented here appear to satisfy the three flanking tRNAs, was performed using the polyexpectations of authentic, orthologous mitochondrial merase chain reaction (Saiki et al., 1988) following sequences. However, one taxon (D. dussumieri ) was the protocol of Palumbi (1996) . The external primers not incuded in the present study precisely because its employed in this analysis inclue METf.1: 5′-sequence was of dubious mitochondrial origin. Clues AAGCAGTTGGGCCCATRCC-3′ and ALAr.2m: 5′-suggesting that the sequence might be paralogous AAAGTGTCTGAGTTGCATTCRG-3′ and the internal included that the gene fragment was difficult to ampprimers used included ND2f.5: 5′-AACCAAAlify, was not the correct size, and the portion of the CCCAACTACGAAAAAT-3′ and ND2r.6: 5′-sequence corresponding to the ND2 gene was followed ATTTTTCGTAGTTGGGTTTGRTT-3′ (Macey et al., by sequence that could not be matched to anything 1997). The external primers amplify a fragment that in the mitochondrial genome. Notably, the recovered corresponds to positions 4437-5617b in the human sequences did not include stop codons, frameshifts, genome (Anderson et al., 1981) . Single-stranded PCR or an unexpected nucleotide composition. We should products were purified using Promega Wizard PCR emphasize, however, that we are by no means certain Prep kits, sequenced using ABI Prism terminator cycle at this time that the sequence we obtained for D. sequencing kits, purified again using Princeton Sepdussumieri is a nuclear insertion. Finally, with respect arations centri-sep spin columns, and visualized on to the fourth criterion, the readers will have to deteran ABI 377 automated sequencer following standard mine for themselves whether the recovered phyloprotocols.
genetic estimate differs sufficiently from prior Alignment of the ND2 sequences was performed by expectations to suggest that we have sequenced paeye, although MacClade 3.04 (Maddison & Maddison,  ralogous versus orthologous gene fragments. 1992) was used to verify that the sequence remained in frame throughout its length. Gaps in the ND2 gene were detected in five sequences, two of which are three DATA ANALYSES bases in length and represent autapomorphies for their Phylogenetic analyses were performed using PAUP * respective taxa. The remaining three gaps are six bases 4.0b2 (Swofford, 1999) . Parsimony analyses employed in length and occur in the same position in the ND2 the heuristic search option with tree bisection-regene, suggesting that they represent a single deletion connection (TBR) branch swapping, MULPARS, and event. The tRNAs were aligned according to secondary random addition of taxa (100 replicates). Parsimony structural models (Kumazawa & Nishida, 1993; Macey & Verma, 1997) . Those regions that could not be aligned analyses were performed under a variety of character weighting protocols to assess the effect that differential but may not significantly improve the likelihood score under the HKY model). Therefore, although we folcharacter weighting has on the phylogenetic estimate. In addition to applying equal weight to all nucleotide lowed the Huelsenbeck & Crandall (1997) protocol to its logical conclusion, we then verified that the optimal substitions, we also estimated the transition-transversion bias using maximum-likelihood (under the model provided a significantly better fit to the data than did all less parameterized models that could be HKY+ +I model) and reweighted transversions proportionally using step matrices. A bias of five transevaluated with PAUP * . The likelihood-ratio tests were evaluated using the 2 distribution (Goldman, 1993; versions per transition was estimated from the data, and transversions were therefore weighted five times Yang, Goldman & Friday, 1995; Yang, 1996) . Whelan & Goldman (1999) tested the assumption that the true greater than transitions in these analyses. The frequency of nucleotide substitutions at each codon podistribution of likelihood-ratio test statistics can be approximated by the 2 distribution for five model sition were also estimated from the data and used as a basis for differential weighting. Finally, analyses parameters including (transition/transversion rate ratio), (a parameter describing among-site rate were conducted in which differential weighting was based on both transition/transversion bias and codon heterogeneity), and the three parameters ( ) required to allow base frequencies to vary. They found that position bias. Single-site gaps in the coding portion of the sequence (within the ND2 gene) were treated as a the 2 distribution was appropriate for the and parameters, but deviated significantly from the true fifth base in all analyses and were weighted equivalently with transitions. Phylogenetic signal for each distribution for parameter . Nevertheless, Whelan & Goldman (1999) argued that the deviation from the treatment of the data set was evaluated using the g 1 statistic (Fitch, 1979 (Fitch, , 1984 Hillis, 1991; Huelsenbeck, 2 distribution will have a limited affect when the differences in the likelihood scores are large, which 1991; Hillis & Huelsenbeck, 1992) , which measures the skewness of the distribution of random trees (10 000 was the case in all of the comparsions made in this analysis. random trees were used for each analysis). Tree support was assessed using the nonparametric bootstrap Maximum-likelihood is computationally intensive and, following standard procedures, can require ex- (Felsenstein, 1985 ; 1000 replicates). Bootstrap analyses utilized random addition of taxa, but with only tensive CPU time to complete analyses of 57 taxa using all but the simplest models of evolution. To reduce the one addition-sequence replicate per bootstrap replicate. For the analyses that employed differential amount of time required to complete the likelihood analyses, we used a successive approximations approach character weighting, only the 50% majority-rule bootstrap consensus trees are presented, although these (terminology of Voelker & Edwards, 1998) as follows. First, a starting tree was obtained by performing a trees differ in each case from the strict consensus in the resolution of one or a few nodes that receive weak weighted parsimony analysis (with transversions weighted five times greater than transitions). Maximum support in the bootstrap analysis. This is done primarily for space considerations, but also because, where likelihood model parameters were then optimized on this parsimony tree. By fixing these model parameters they differ, we have more confidence in nodes recovered on the 50% majority-rule consensus tree than those and swapping off of this starting tree, we obtained an optimal topology for this particular set of model recovered on the strict consensus tree. Nevertheless, because there is a community of systematists that is parameters. Once an optimal topology was recovered, the process was undertaken again by reoptimizing model only interested in the most parsimonious tree under equal character weighting, we do provide both the parameters on the new likelihood tree. This procedure was repeated until PAUP * could no longer find an strict consensus and bootstrap consensus trees for the analysis under this weighting scheme.
alternative tree with a higher likelihood score (in other words, PAUP * did not find improved estimates when The sequence data also were analyzed under a maximum-likelihood optimality criterion. The protocol of reoptimizing model parameters on the tree recovered during the swapping phase of the procedure). This apHuelsenbeck & Crandall (1997) was followed such that less parameter-rich models of sequence evolution were proach substantially reduces computation time because PAUP is never required to simultaneously optimize employed initially and more complex models were applied thereafter, unless a likelihood-ratio test could model parameters and tree topologies. A nonparametric bootstrap analysis was conducted not detect a significant increase in the likelihood scores of the phylogenetic estimates. However, it is possible under the maximum likelihood criterion. Because of the extreme computational intensiveness of this anathat adding particular parameters will have a greater effect on some substitution models than on others (for lysis, two compromises were required. First, the optimized model parameters under the GTR+ +I model example, adding a parameter describing the proportion of sites assumed to be invariant may significantly were fixed for the entire bootstrap analysis, rather than allowing parameters to be reoptimized for each improve the likelihood score under the F81 model codon positions plus the tRNA sites). The third codon position exhibits the greatest bias (C=0.351), which is derived primarily from a high frequency of A (45.3%) and a low frequency of G (6.2%). The large second position bias (C=0.325) results primarily from high frequencies of C (37.1%) and T (37.3%), together with a low frequency of G (10.7%). In contrast to the third position sites, which exhibit a high frequency of A (45.3%), the frequency of A at the second position sites is only 15.0%. First positions and tRNA sites exhibit moderate base compositional bias (0.200 and 0.163, respectively), with similar individual base frequencies.
Observed differences in nucleotide base composition df=168), second codon position ( 2 =18.8, P=1.0, df= resampled data set. Second, only 100 replicates were 168), and tRNA sites ( 2 =32.3, P=1.0, df=168) inpossible, rather than the 1000 that were performed dependently. However, base compositional differences under the parsimony optimality criterion. between taxa were highly significant when considering third codon position sites alone ( 2 =303.6, P<0.0001,
RESULTS df=168
). Base compositional differences between taxa are a potential source of systematic error when using SEQUENCE VARIATION phylogenetic methods that assume stationary models After ambiguously aligned gap regions and the primer (Lockhart et al., 1994; Swofford et al., 1996) . Lockhart sequences were excluded from consideration, the mitoet al. (1994) showed using theoretical and biological chondrial DNA data set was comprised of 1120 base data sets that sequences with similar base compositions. Of the 1120 included sites, 773 were variable positions tend to be grouped together regardless of with 671 of those representing parsimony-informative their evolutionary history. Given that the likelihood characters. Variation was observed in 229 (68.4%) of models employed here make this explicit assumption the first codon positions, 145 (43.3%) of the second (and parsimony analysis makes the assumption imcodon positions, 335 (99.7%) of the third codon poplicitly), our phylogenetic results could be affected. sitions, and 64 (56.1%) of the tRNA sites. Consequently, The LogDet is a transformation that is generally robust in the analyses in which the codon positions and tRNA to base compositional differences (Lockhart et al., sites were weighted proportionally to the number of 1994). Therefore, to test whether sets of taxa appeared observed substitutions, the first position, second poto be grouped on the basis of base compositional biases sition, and tRNA substitutions were weighted 1.5, 2.3, alone in the parsimony and maximum likelihood anaand 2.0 times greater than third position substitutions, lyses, a minimum evolution analysis was conducted respectively. Within the ND2 protein-coding gene, 241 using the LogDet (see below). In our LogDet analyses, of 343 amino acid sites (70.3%) were variable. The we incorporated the proportion of invariant sites espercentage of variable sites remains high (207 of 343, timated in the GTR+ +I maximum likelihood ana-60.3%) even when the outgroup taxa are excluded from lysis, as Waddell (1995) and Swofford et al. (1996) (Fig. 1) . However, the nature of the bias differs substantially between the four data partitions (the three & Huelsenbeck, 1992). Figure 3 . Parsimony analysis of the data set with all base poAnalysis of the data set with transversions weighted sitions and gap characters equally weighted resulted five times greater than transitions resulted in four in six equally parsimonious trees of length 5005, the equally parsimonious trees of length 6445. The 50% strict consensus of which is presented in Figure 2 . The majority-rule bootstrap consensus tree, which differs 50% majority-rule bootstrap consensus tree, which differs from each of the six equally most parsimonious from the four equally most parsimonious trees in the placement of D. melanopogon and in the resolution of 50% majority-rule bootstrap consensus tree, which differs from the single most parsimonious tree in the much of the Philippine volans group, is presented in Figure 4 . placement of D. bimaculatus and in the relative positioning of three subclades in the Philippine volans Analysis of the data set with substitutions at first codons positions weighted 1.5 times greater than those group, is presented in Figure 5 . Analysis of the data set with transversions weighted at third positions, substitutions at second positions weighted 2.3 times greater than those at third pofive times greater than transitions and the three codon positions plus tRNA sites differentially weighted as sitions, and substitutions at tRNA sites weighted 2.0 times greater than those at third positions resulted in described in the paragraph above resulted in a single most parsimonious tree with a length 49 753. The 50% a single most parsimonious tree of length 39 065. The transitions and transversions are allowed to occur at the frequencies were estimated via maximum likelihood rather than using empirical frequencies. Whelan unequal rates. Finally, the GTR model adds four more parameters relative to the HKY model by allowing six & Goldman (1999) found that empirical frequencies can be poor approximations of the maximum likelihood different types of character state changes, rather than the two types of changes (transitions and tranestimates and therefore the use of the empirical values can substantially reduce recovered likelihood scores. sversions) allowed by the HKY85 model. In all analyses in which nucleotide frequencies were allowed to vary, Our initial analysis employed the JC model. This Figure 6 . The 50% majority rule consensus tree obtained in the nonparametric bootstrap analysis with tranversions weighted five times greater than transitions and the three codon positions and tRNA sites weighted as described in Figure 5 (1000 pseudoreplicates). The single most parsimonious tree obtained under this weighting regime had the following characteristics: tree length=49 753; CI (excluding uninformative characters)=0.297; RI=0.615; RC=0.197.
was followed by an analysis that incorporated a rate sites parameter (JC+ +I) significantly improved the likelihood score relative to that obtained with the heterogeneity parameter (JC+ see Yang, 1996) and a third analysis that also incoporated a parameter JC+ model. Therefore, subsequent analyses using the more parameterized models of sequence evolution allowing some sites to be invariant (JC+ +I; see Gu, Fu & Li, 1995 , Waddell & Penny, 1996 . Likelihood-(i.e. F81, HKY, and GTR) also included rate heterogeneity and invariant sites parameters. The results of ratio tests indicated that the inclusion of the rate heterogeneity parameter significantly improved the the maximum likelihood analyses and the corresponding likelihood-ratio tests are presented in Table  estimated likelihood score over that obtained with the JC model alone. Similarly, the addition of the invariant 2. These analyses show that the incorporation of in- creased model complexity significantly increases the bootstrap proportion values are indicated on the optimal neighbor-joining tree. likelihood scores and, based on these results, the tree estimated under the GTR+ +I model (Fig. 7) is here considered to be the preferred tree. (Fig. 9) were very similar stantially improves the fit of all four primary models to those obtained under the parsimony and maximum (i.e. JC, F81, HKY, GTR) to the data with the addition likelihood criteria (Figs 2-7) , we conclude that the of this one parameter increasing the likelihood scores phylogenetic estimates obtained under those criteria by an average of >2127 (an improvement of >7 would probably are not significantly affected by nonbe significant at P=0.0001). The addition of the parastationarity resulting from the interspecific differences meter allowing transitions and transversions to have in base composition. different substitution rates (the switch from JC and/ or F81 to HKY) also has a substantial effect on the likelihood score with an average improvement relative PARSIMONY ANALYSES to the F81, F81+ , and F81+ +I models of >1870.
Parsimony analyses undertaken with four alternative The results of the nonparametric bootstrap analysis sets of weighting procedures resulted in phylogenetic under the maximum likelihood criterion are similar to estimates that were largely, but not completely, conthose obtained in the parsimony and LogDet bootstrap gruent with one another. Forty-four of 52 nodes present analyses (Fig. 7) . In order to illustrate branch lengths, on the 50% majority-rule bootstrap consensus tree bootstrap proportion values are indicated on the opobtained with all characters weighted equally were timal maximum likelihood tree. However, two clades also recovered in the three analyses that employed that are reasonably well-supported in the parsimony differential character weighting. Not surprisingly, analyses and present as well on the preferred maxmost of the nodes that were common to all four analyses imum likelihood tree illustrated in Figure 7 were not (39 of 44 common nodes with mean bootstrap values best-supported according to the likelihood bootstrap [63) were relatively strongly supported x=91.4). The analysis, which indicated better support for clades five nodes common to the four parsimony bootstrap composed of Draco formosus+D. taeniopterus (BP= trees but interpreted as weakly supported are iden-49), and D. spilopterus (Cebu)+D. spilopterus (Siquitified by asterisks in Figures 3-6 . jor) (BP=59).
Several major clades were strongly supported under all four weighting procedures. For ease of discussion, LOGDET we will refer to these clades informally as the 'fimbriatus', 'lacrimal bone' (because the constituent speThe minimum evolution analysis employing Log Determinant (LogDet) distances resulted in the phylocies have lacrimal bones that are absent in the remaining species of Draco), 'dorsal nostril' (all taxa genetic estimate presented in Figure 9 . Nonparametric characterized by dorso-posteriorly oriented nostrils), well-resolved and strongly supported (Figs 2-6 ). However, relationships within the Philippines volans group 'lineatus', 'volans', 'Lesser Sunda' (endemic to the Lesser Sunda island group of Indonesia), and 'Philproved particularly difficult to recover. Indeed, interspecific relationships within this clade remain esippine volans' groups (see Fig. 2 ). With the exception of the Philippine volans group, all of these clades sentially unresolved, with only the D. reticulatus+D. cyanopterus clade strongly supported. Furthermore, were strongly supported in each of the four analyses (minimum bootstrap value of 80, x=96.0). Remonophyly of D. spilopterus, which is readily diagnosed morphologically, was unsupported in each of the four lationships within these major clades generally were tree based on differential weighting of transitions and transversions together with differential weighting of each of the three codon positions and the tRNA sites. Indeed, the extent of the similarity between the GTR+ +I tree and this parsimony tree is surprising-the only difference in the respective Philippine volans group topologies being that maximum likelihood places D. palawanensis as the sister taxon of a clade composed of D. guentheri and D. ornatus, whereas the parsimony tree places D. guentheri as the sister taxon of a clade composed of D. palawanensis and D. ornatus. Despite the high degree of congruence between the GTR+ +I tree and this weighted parsimony tree, the weak bootstrap support for these internal nodes indicate that maximum likelihood has difficulty resolving relationships within this group as did the parsimony and LogDet analyses (see Fig. 7 ).
Cunningham, Zhu & Hillis (1998) likelihood results are more likely to reflect the evolutionary history of the Philippine volans group than are the parsimony results or the likelihood results based analyses, with three strongly supported D. spilopterus on less complex models of evolution. Furthermore, subclades variably placed throughout the Philippines simulation studies have shown that maximum likevolans clade depending on the weighting procedure lihood outperforms maximum parsimony and distance employed.
methods under a variety of conditions (Hillis, Huelsenbeck & Swofford, 1994; Kuhner & Felsenstein, 1994; Tateno, Takezaki & Nei, 1994; Yang, 1994; Huel-MAXIMUM-LIKELIHOOD ANALYSES senbeck, 1995) . For these reasons, we refer to the The maximum-likelihood analyses and likelihood-ratio GTR+ +I tree as our preferred tree. All further contests indicate that an analysis employing the parasiderations of the evolutionary biology of Draco, inmeter-rich general-time-reversible model with rate cluding comparisons of our phylogenetic findings with heterogeneity and the proportion of invariant sites those of other authors (see below) are based on this estimated via maximum likelihood explains the data tree. significantly better than do analyses based on all of the less parameterized models that were considered ( Fig. 8; Table 2 ). The GTR+ +I phylogenetic estimate Fig. 10 ) and Musters (1983; Fig. 11) . that was strongly supported in the parsimony analyses Honda et al. (1999b) estimated phylogenetic rebut not recovered on the GTR+ +I tree is the one lationships based on mitochondrial 12S and 16S rRNA placing D. rhytisma as the sister taxon of D. 'Luwuk'. sequence (15 ingroup taxa, 20 OTUs) and allozymic This is a particularly interesting case because D. rhy-(13 ingroup taxa, 16 OTUs) data sets. Both data sets tisma and D. bourouniensis are very similar morwere converted to distance matrices and analyzed phologically, but D. 'Luwuk' occurs on the northeast under the neighbor-joining algorithm. Although both arm of Sulawesi immediately adjacent to Peleng the rRNA sequence and allozyme trees were wellIsland, the home of D. rhytisma.
The GTR+ +I tree is most similar to the parsimony resolved, much of this resolution was not strongly supported according to their nonparametric bootstrap obscurus, and D. taeniopterus; bootstrap support=70) was contradicted by the sequence data, which placed analyses. Those interspecific relationships that were reasonably well-supported in one or both analyses D. blanfordii as the sister taxon to D. maculatus (bootstrap support=66). With respect to these competing (bootstrap proportion values [70, n=8) were entirely congruent with the results obtained in this study (see hypotheses, the present study agrees with the allozymic data rather than the rRNA sequence data, Honda et al., 1999b, fig. 5 ). There was some disagreement between their rRNA and allozyme trees as the six taxa together with D. indochinensis (not represented in the Honda et al. analyses) are strongly such that one node that was strongly supported by the allozymic data (a clade composed of Draco blanfordii, supported as a monophyletic grouping. Musters' (1983) based on an empirical analysis of data, but rather speculative and at best a starting point for a more rigorous phylogenetic study. That said, it is not too on a thoughtful consideration of a small number of conspicuous and unpolarized morphological charsurprising that the results of the present analysis disagree in many respects with those of Musters (1983) . acters. In his defense, Musters made it clear from the outset that he considered his hypothesis to be highly Indeed, only two of the 12 nodes on Musters' tree ( The phylogenetic data also provide evidence that Draco indochinensis should not be treated as a synonym of D. blanfordii (Inger, 1983) , or as a subspecies of D. blanfordii (Musters, 1983) , as it is neither the sister taxon of D. blanfordii nor a member of the clade that includes D. blanfordii, D. taeniopterus, D. formosus, 9) . The phylogenetic data are consistent with the morphological and distributional data (see above) indicating that D. indochinensis is a distinct species. All of our analyses support the monophyly of a clade composed primarily of Philippine species that I refer to informally as the Philippine volans group. The par-11) were recovered in the present study. The shared simony and maximum likelihood analyses suggest that nodes represent the two clades that are most easily this clade is well-supported (see , although diagnosed on the basis of external morphology. The the LogDet analysis (Fig. 9 ) only weakly supports this first shared clade is the dorsal nostril group, which is grouping. All of the species in the Philippine volans characterized by unique turret-like nostrils that are group occur in the Philippines except the Bornean oriented dorsally and posteriorly on the snout. The species Draco cornutus. However, a second species, second clade, composed of D. blanfordii, D. formosus, D. palawanensis, might also be considered a 'non-D. obscurus, and D. taeniopterus, is characterized by Philippine' species despite its occurrence on the Philthe presence in males of a distally expanded dewlap ippine island of Palawan because this island is genthat is overlain with greatly enlarged scales. Musters erally treated as an extension of the Sunda Shelf (1983) also suggested that D. melanopogon and D.
(particularly Borneo) and consequently is excluded haematopogon are sister taxa. If D. indochinensis is from the Philippine Biogeographic Province (Everett, ignored (Musters considered D. indochinensis to be a 1889; Heaney, 1985 Heaney, , 1986 . Based on the phylogenetic subspecies of D. blanfordii and, consequently, did not conclusions presented here, McGuire and Alcala (2000) include this taxon on his phylogenetic tree), this hyposuggested that the biogeographical relationship bethesis is consistent with the likelihood and parsimony tween Palawan and the remainder of the Philippines results (but not the LogDet). The remaining nodes on may be understated in the biogeographical literature. the Musters (1983) phylogenetic tree are not consistent One unexpected finding was that monophyly of the with any of the analyses conducted here.
morphologically similar populations of Draco spiAlthough Honda et al. (1999b) and Musters (1983) lopterus was not supported by the data. Our analysis provided the only explicit phylogenetic hypotheses, included eight individuals of D. spilopterus repsome authors have implied phylogenetic relationships resenting six separate Philippine islands (Fig. 12) . In with their taxonomies. For example, Musters (1983) all of our analyses, we obtained strong support for followed Hennig (1936) Visayan islands of Cebu, Negros, Panay, and Siquijor.
two individuals from the Bicol Peninsula of Luzon Island, an attenuated arm projecting southeastward Cebu, Negros, and Panay are separated from one another by shallow marine barriers and therefore repfrom the main body of the island. The Bicol Peninsula is known to have existed as a separate island until resented a single island during the late Pleistocene 10-18 000 years ago. Siquijor, although separated from about 5-10 Myr ago in the Miocene (Hall, 1998) and it is therefore not surprising that these two individuals these islands by a deep marine channel, lies off of the SE coasts of Panay and Cebu and is shielded by those are more closely related to one another than either is to any other D. spilopterus samples in this analysis. Polillo is separated from the east coast of Luzon by a (pairwise sequence divergences between Philippine Draco species range between 7.4% and 21.2%). These shallow marine channel and was therefore connected to Luzon by dry land in the last 10-18 000 years.
findings suggest a long period of reproductive isolation between the members of the three clades. Although However, it is surprising that the second and third D. spilopterus clades, both of which are primarily asthis clearly suggests the existence of multiple species within D. spilopterus, taxonomic adjustment would be sociated with Luzon Island, are evidently not closely related to one another, despite the fact that there is premature at this time given that our sampling is relatively sparse and that we cannot distinguish some continuous habitat in the intervening area separating these divergent populations. In fact, the pairwise genof these populations morphologically (and thus would not know the precise distributional limits of some of etic distances (uncorrected) between these taxa are between 18.6% and 20.7%, which represent even the resultant species). Also, this finding could be the result of paralogous sequences and should be verified greater divergences than those observed between these individuals and other Philippine species that are easily with independent nuclear markers. One of the more interesting aspects of the Philippine distinguished from D. spilopterus on the basis of numerous morphological character state differences volans group is that it appears to have undergone a rapid radiation. This interpretation is based not only on the general lack of interspecific phylogenetic resolution within this group, but also in the nature of the DNA sequence variation observed within this set of taxa. In the recent phylogenetic literature, the 'rapid radiation' hypothesis is often presented when a general lack of resolution is observed. However, it may be that the unresolved polytomy is obtained due to inadequate or inappropriate data rather than simultaneous divergences within the clade. For example, the phylogenetic marker may be evolving too rapidly relative to the timing of the relevant speciation events within the clade. In such cases, older divergences may be difficult to resolve due to saturation of character state changes (which is likely to present problems for many parsimony analyses of DNA sequence data with equal character weighting). It is also possible that the phylogenetic marker may not be evolving rapidly enough if al. (1999) suggested a series of analyses that would allow one to test the hypothesis that an unresolved polytomy is actually a 'hard polytomy' (Maddison, the tree). This would suggest that the lack of resolution 1989)-in other words, a polytomy resulting from simis the result of too few characters in the analysis rather ultaneous or near-simultaneous divergences rather than simultaneous branching. Alternatively, if the spethan inadequate or inappropriate data. They argued ciation events were effectively simultaneous, removal that the first step is to evalate the data to assess of taxa from the clade in question should lend no whether substitutional saturation is evident. Given additional support to the remaining subclades. Jackthat their phylogenetic estimate was derived from a man et al. (1999) suggested several statistical apparsimony analysis with equal character weighting, proaches that can be used to test the null hypothesis assessment of the degree of substitutional saturation that phylogenetic data are consistent with a hard was critical to their study. However, because we have polytomy. Because the alternative approaches resulted analysed our data in a maximum likelihood framework in qualitatively similar findings in their study, we that compensates for superimposed nucleotide subselected one procedure (their permutation test) to stitutions, this saturation test is less critical for the evaluate the hard polytomy hypothesis for the Philpresent study. Nevertheless, the fact that the unippine volans group. Although we would have preferred corrected pairwise genetic distances between species to have conducted this analysis within a maximum in the Philippine volans group are no greater than likelihood framework, the computation time required those observed in the well-resolved and well-supported to complete such an analysis was prohibitive. There-'dorsal nostril' and 'lacrimal bone' clades, and much fore, for our permutation test, all phylogenetic analyses greater than those in several other well-resolved and employed maximum parsimony with transversions well-supported clades (e.g. within the 'lineatus' and weighted five times greater than transitions and codon 'Lesser Sunda' groups) suggests that the degree of positions 1, 2, 3, and the tRNA sites weighted 1.5:2.3: substitutional saturation within the Philippine volans 1:2. We followed this approach because our parsimony group cannot explain the lack of phylogenetic resresults under these weighting procedures closely apolution obtained in our analyses.
proximated the results of our preferred maximum likeAnother series of tests recommended by Jackman et lihood analysis under the GTR+ +I model. We al. (1999) more directly evaluates whether the lack of selected nine individuals from the Philippine volans resolution is the result of a hard polytomy versus group-one from each of the nine lineages or clades insufficient data. If a long internal branch was divided for which inter-relationships were weakly supported by many sequential branching events such that few in the parsimony and maximum likelihood analyses characters support any particular node, the selective (Fig. 14) . The single individuals selected to represent removal of taxa from the analysis should result in the six strongly supported subclades were chosen ranincreasing character support for specific remaining domly. Japalura tricarinata also was retained as a single outgroup representative. Yuwono. JAM's field work was supported by grants extensive taxonomic sampling. The topologies refrom the National Geographic Society, The Explorer's covered under the three alternative optimality criteria Club, The New England Herpetological Society, The are not entirely congruent, but every node that is well University of Texas Department of Zoology, and the supported under any one of the three criteria was Texas Memorial Museum. John Allen, Rafe Brown, recovered under all three. Relationships within the David Cannatella, Sharon Messenger, and an anmajor clades are generally well-resolved and strongly onymous reviewer provided valuable comments on supported, although this is not the case for the Philearlier drafts of the manuscript that substantially ippine volans group. The hypothesis that lack of wellimproved the final product. This work was initiated supported resolution within the Philippine volans as part of the senior author's doctoral dissertation at group is the result of this group having undergone a the University of Texas and extended during the course rapid radiation was evaluated using a permutation of a postdoctoral fellowship at the Smithsonian Intest and could not be rejected.
stitution.
